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We  report  the  fast  charge-discharge  Li  ion  battery  based  on  the  nanostructural  controlled  Nao.44Mn02 
wires  with  high  aspect  ratio.  The  good  fast  charge-discharge  property  is  observed  because  the  single 
crystalline  Na0.44MnO2  nanowires  have  a  high  electronic  conductivity  as  electrode  active  materials  of 
lithium  ion  battery  due  to  the  one-dimensional  single  crystalline  nanowire.  Moreover,  such  nanosize 
structure  could  reduce  the  required  lithium  diffusion  length  in  the  active  materials  to  the  several  tens 
of  nanometer,  also  reduce  the  effective  specific  current  density  by  high  surface  area,  and  increase  the 
stability  of  cycle  performance  by  the  one-dimensional  single  crystalline  structure. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  electrode  active  materials  of  lithium  ion  storage  device 
have  been  widely  studied  for  the  portable  electric  device  and 
electric  vehicle  (EV)  or  hybrid  EV  (HEV).  The  manganese  oxide 
as  positive  electrode  active  material  attracts  many  researcher’s 
attention  because  the  price  of  manganese  oxide  is  much  lower 
than  that  of  cobalt  oxide  [1].  To  come  into  wide  use  of  EV,  which 
needs  large  amount  of  active  materials,  the  cost  performance  is 
important.  Moreover,  the  most  important  point  for  the  EV  is  the  fab¬ 
rication  of  fast  charge-discharge  lithium  storage  devices  because 
the  general  electrode  active  material  for  lithium  ion  battery  is 
not  suitable  for  fast  charge-discharge  lithium  storage  property. 
Recently,  the  lithium  storage  devises  with  fast  charge-discharge 
(high  current  density  such  as  over  5-10  Ag_1)  properties,  which 
overcome  the  some  existing  problems  in  fast  charge-discharge 
condition  based  on  the  nanostructure,  such  as  diffusion,  effec¬ 
tive  current  densities,  cycle  performance,  have  been  reported 
[2-7]. 

The  manganese  oxides  with  crystal  structures  such  as  ramsdel- 
lite  and  layered  structure  are  used  for  positive  electrode  for  lithium 


*  Corresponding  author.  Tel.:  +81  298  61  5795;  fax:  +81  298  61  5799. 
E-mail  address:  hs.zhou@aist.go.jp  (H.  Zhou). 


storage  devices  [8].  However,  many  manganese  oxides  are  unsta¬ 
ble  to  electrochemical  cycling  and  transform  into  a  spinel  structure 
[8].  Na0.44MnO2  is  interesting  because  the  large  stabilizing  sodium 
ions  prevent  the  conversion  into  spinel  [8,9].  Some  works  of  electro¬ 
chemical  measurement  for  lithium  ion  battery  using  Na0.44MnO2 
are  reported  [1,9-13].  However,  the  fast  charge-discharge  Li  ion 
battery  has  not  been  investigated.  Although  Doeff  reports  the  rate 
of  around  0.5  A  g-1,  the  higher  charge-discharge  current  density 
must  be  required  for  the  fast  charge-discharge  Li  ion  battery  [1]. 
Hence,  the  nanostructural  controlled  Na0.44MnO2  is  fabricated  by 
overcome  the  existing  problems  in  fast  charge-discharge  condition 
to  satisfy  such  industrial  needs  [2,4]. 

In  this  work,  we  report  the  fast  charge-discharge  Li  ion  bat¬ 
tery  taking  the  nanostructural  controlled  Nao.44Mn02  wires  with 
high  aspect  ratio  as  positive  electrode,  which  are  synthesis  by 
simple  low  temperature  hydrothermal  synthesis.  Moreover,  this 
hydrothermal  synthesis  can  be  also  extended  to  fabricate  LiMn204 
[14]  and  Li0.44MnO2  [15]  nanowire.  In  this  work,  the  Na0.44MnO2 
nanowires  are  directly  used  for  lithium  ion  battery.  The  good 
fast  charge-discharge  property  is  observed  because  the  single 
crystalline  Na0.44MnO2  nanowires  solve  the  existing  problem  of 
the  electronic  conductivity  due  to  the  high  conductivity  of  the 
nanowires,  that  of  diffusion  by  reducing  the  required  lithium  dif¬ 
fusion  length  to  the  diameter  about  several  tens  of  nanometer,  that 
of  current  density  by  reducing  the  effective  specific  current  density 
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based  on  a  high  surface  area,  and  that  of  cycle  performance  by  large 
stabilizing  single  crystalline  nanowire  structure. 

2.  Experimental 

The  commercial  Mn304  powders  were  dispersed  into  the  NaOH 
aqueous  solution  (40  ml,  5  mol  dm-3).  It  was  placed  in  the  Teflon- 
lined  autoclave.  The  autoclave  was  heated  at  205  °C  for  4  days.  After 
the  hydrothermal  treatment,  the  synthesized  Na0.44MnO2  was 
washed  repeatedly  by  deionized  water.  The  washed  Na0.44MnO2 
was  dried  at  room  temperature  in  the  vacuum  condition. 

The  crystal  structure  was  identified  using  X-ray  diffraction 
(XRD)  analysis  with  a  Bruker  axs  D8  Advance  using  Cu  Ka  radia¬ 
tion.  The  morphology  was  observed  by  a  field-emission  scanning 
electron  microscopy  (FESEM)  and  high-resolution  transmission 
electron  microscopy  (EIRTEM)  using  a  Carl  Zeiss  Gemini  Supra  and 
a  JEOL  JEM-2010F,  respectively.  X-ray  photoelectron  spectroscopy 
(XPS)  was  carried  out  using  Al  Ka  radiation  with  a  Surface  Science 
Instruments  S-probe  ESCA  Model  2803. 

Electrochemical  measurements  were  carried  based  on  a 
three-electrode  set  up  in  the  twin  beaker  cell  connected  with 
micro-capillary  working  as  a  separator.  The  fabricated  high  electro- 
conductive  Na0.44MnO2  nanowires  were  mixed  and  ground  with 
5  wt%  Teflon  powder  and  35  wt%  ketjen  black  (KB).  The  mixture  was 
spread  and  pressed  on  the  SUS-304  mesh  (100  mesh)  as  working 
electrode  by  hand.  The  paste  was  implanted  into  the  gap  of  mesh. 
Generally,  the  thickness  of  the  mesh  is  around  0.174-0.180  mm. 
After  hand-pressing  of  the  paste,  the  thickness  is  around  0.185  mm. 
So,  the  maximum  electrode  thickness  is  around  0.185  mm  because 
the  mesh  is  just  covered  by  the  paste  and  the  gap  of  the  mesh  is 
also  filled  by  the  paste.  The  reference  and  counter  electrode  were 
prepared  by  spreading  and  pressing  of  lithium  metals  on  SUS-304 
mesh  (100  mesh).  A 1  mol  dm-3  LiC104  in  EC/DEC  was  used  as  elec¬ 
trolyte.  Cell  assembly  was  carried  out  in  a  glove  box  under  an  argon 
atmosphere.  The  weight  in  specific  capacity  (mAh  g-1 )  and  current 
rate  (Ag-1 )  is  calculated  by  only  active  materials. 

3.  Results  and  discussion 

Fig.  1  shows  an  XRD  pattern  (0-20  scan)  of  the  synthesized 
nanowires  after  low  temperature  hydrothermal  treatment.  The 
diffraction  peaks  agree  with  those  of  Na4Mn90i8  (Na0.44MnO2) 


Fig.  1.  XRD  pattern  of  the  nanowires  synthesized  by  the  low  temperature  hydrother¬ 
mal  treatment.  The  pattern  agrees  with  the  Nao.44Mn02  (JCPDS:  27-0750). 


Fig.  2.  FE-SEM  image  of  the  single  crystalline  Nao.44Mn02  nanowires. 


in  the  JCPDS  No.  27-0750.  Fig.  2  is  a  typical  field-emission  scan¬ 
ning  electron  microscope  (FE-SEM)  image  of  the  synthesized 
Na0.44MnO2.  We  can  see  the  nanowires  with  diameter  about  the 
several  tens  of  nanometer.  Up  to  our  report  [14,15],  Na0.44MnO2 
wires  are  fabricated  by  the  solid-state  synthesis  [16]  and  high  tem¬ 
perature  hydrothermal  treatment  such  as  250  °C  [17]  and  500  °C 
[18].  Elowever,  the  wires  are  assembled  by  very  thick  bundle  over 
several  100  fxm  [16,18].  These  bundle  structures  are  not  suitable  for 
the  fast  charge-discharge  Li  ion  battery,  which  need  short  lithium 
diffusion  length  and  large  surface  area.  The  homogeneous  dis¬ 
persed  nanowires  structure  of  Na0.44MnO2  as  shown  in  Fig.  2  looks 
suitable  for  high  rate  lithium  ion  battery. 

We  designed  to  increase  the  high  electro-conductivity  of 
Na0.44MnO2  nanowires  based  on  this  long  one-dimensional  crys¬ 
tal  growth  because  if  many  defects  exist  in  the  nanowire,  the  long 
crystal  growth  will  be  impossible  and  if  the  nanowires  were  not 
defect  free,  the  electro-conductivity  along  to  the  growth  direction 
could  be  improved.  In  fact,  the  sheet  resistance  of  the  Na0.44MnO2 
nanowires,  which  are  pressurized  for  increasing  the  density  to 
measure  the  resistivity,  is  around  300  kQ  □,  which  is  near  to  that 
of  transparent  conductive  ZnO:Al  thin  film  fabricated  by  sol-gel 
method  [19,20]. 

The  lithium  storage  characteristics  of  Na0.44MnO2  nanowires 
electrode  were  investigated  as  shown  in  Fig.  3.  Fig.  3(a)  shows  the 
second  charge/discharge  cycling  curves  at  0.1,  1.0,  5  and  10  A  g-1. 
In  all  charge/discharge  curves,  the  shoulders  between  2.5  and  3.5  V 
(Li+/Li)  are  observed  based  on  the  lithium  insertion/extraction  and 
both  the  discharge  and  charge  processes  show  similar  specific 
capacities  of  about  200,  165,  145,  and  120  mAh  g-1  at  each  cur¬ 
rent  density  of  0.1, 1.0,  5.0,  and  10  A g-1 ,  respectively.  It  is  the  good 
coulomb  efficiency.  From  this  charge/discharge  curves,  high  spe¬ 
cific  capacities  (high  energy  density)  of  120  mAh  g-1  is  observed  at 
very  high  current  density  such  as  10  A  g-1.  The  120  mAh  g-1  is  near 
to  the  theoretical  value  of  general  positive  electrode  of  LiMn204 
and  LiCo02  as  Eqs.  (1 )  [21  ]  and  (2)  [21  ]: 

2\-Mn02  +Li+  +  e  =  LiMn204,  theoreticalcapacity  :  148  mAh  g-1 

(1) 


Li0.5CoO2  +  0.5Li+  +  0.5e 

=  LiCo02,  theoreticalcapacity  :  137mAhg-1  (2) 

Fig.  3(b)  shows  the  diagram  for  discharge  capacity  vs.  cycle  num¬ 
ber  for  different  current  density  from  0.1  to  10  A  g-1 .  After  the  20th 
cycles,  the  discharge  capacities  of  the  current  density  at  0.1  and 
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Fig.  3.  The  lithium  storage  characteristics  of  Na0.44MnO2  nanowires  electrode,  (a)  The  second  cycle  charge/discharge  curves  at  various  current  density  ((  )  0.1  Ag-1, 

(— )  1  Ag-1,  {  )  5  Ag-1  and  (  )  10Ag-1).  (b)  Cycle  performance  of  the  Nao.44Mn02  nanowires  electrode  at  various  current  density  up  to  20  cycles  ((□  )  0.1  Ag-1, 

(O)  1  Ag-1,  (•  )  5  Ag-1  and  (■  )  10  Ag-1).  (c)  Cycle  performance  of  the  Nao.44Mn02  nanowires  electrode  at  the  fast  charge-discharge  lithium  storage  (high  current  density) 
condition  up  to  100  cycles  ((O  )  5  Ag-1  and  (■  )  10  A g-1). 


Fig.  4.  TEM  image  of  the  Nao.44Mn02  nanowires  after  lithium  storage  measurement 
for  100  cycles  at  fast  charge-discharge  lithium  storage  condition  of  10  A  g-1.  The 
inset  is  the  high-resolution  TEM  image  of  the  nanowires. 


10  Ag-1  are  120  and  97  mAhg-1,  respectively.  The  capacity  of  the 
high  current  density  at  10  Ag-1  is  about  80%  of  that  of  low  cur¬ 
rent  density  at  0.1  Ag-1  after  20th  cycles.  In  reported  works  for 
fast  charge-discharge  Li  ion  battery  [2-4],  the  amount  of  the  car¬ 
bon  for  conductive  assistant  materials  such  as  acetylene  black  and 
ketjen  black  is  in  a  range  from  45  to  60wt%  [2-4]  in  the  mix¬ 
ture  of  carbon  and  Teflon  and  active  materials.  In  this  work,  the 
good  fast  charge-discharge  property  is  obtained  even  at  the  ratio  of 
35  wt%  ketjen  black.  It  is  considered  that  the  good  high  rate  property 
obtained  by  the  high  electro-conductivity  of  the  single  crystalline 
Na0.44MnO2  nanowires  because  the  resistivity  of  single  crystalline 
Na0.44MnO2  nanowires  is  small  as  active  materials  of  the  metal 
oxides.  Fig.  3(c)  shows  the  diagram  for  discharge  capacity  vs.  cycle 
number  up  to  100  cycles  for  high  current  density  at  5  and  10  Ag-1. 
After  the  100  cycles  at  even  high  current  density,  the  capacity  is  93 
and  80.5  mAh g-1  at  5  and  10  Ag-1 ,  respectively.  These  results  indi¬ 
cate  that  electro-conductive  Nao.44Mn02  nanowire  shows  the  good 
fast  charge-discharge  lithium  storage  property.  Generally,  lithium 
insertion/extraction  causes  a  volume  change  and  collapse  of  the 
initial  particles  due  to  the  change  of  crystal  structure  [22].  This 
volume  change  makes  the  cycle  performance  poor  after  a  num¬ 
ber  of  cycles  of  charge  and  discharge  process.  Fig.  4  shows  the  TEM 
image  of  the  Nao.44Mn02  nanowires  after  the  measurement  of  the 
lithium  storage  characteristics  at  fast  charge-discharge  condition  of 
10  Ag-1  for  100  cycles.  The  lattice  image  in  inset  image  shows  the 
clear  lattice  image.  Even  after  the  100  cycles  at  10  Ag-1 ,  the  single 
crystalline  nanowire  nature  is  maintained.  Fig.  5  shows  the  Li  and 
Na’s  XPS  spectrum  of  the  Na0.44MnO2  nanowires  after  the  1st  dis- 
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Fig.  5.  XPS  spectra  for  the  Nao.44Mn02  nanowires,  (a,  c  and  e)  and  (b,  d  and  f)  are  the  spectra  of  the  after  the  1st  discharge  process  at  0.1  Ag-1  and  the  5th  charge  process  of 
discharge-charge  cycles  at  0.1  Ag-1  in  Li  Is  region,  Na  Is  region,  and  Mn  2p  region,  respectively.  Na/Mn  ratio  is  calculated  by  the  peaks  of  Na  Is  and  Mn  2p3/2. 
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charge  process  and  the  5th  charge  process  in  the  discharge-charge 
cycles  at  current  density  of  0.1  A  g-1.  Li  is  detected  due  to  the 
lithium  storage  after  the  1st  discharge  process,  and  then  Li  can¬ 
not  be  detected  after  the  5th  charge  process.  It  means  that  the  Li  is 
not  remained  in  the  electrode  after  Li  extraction.  On  the  other  hand, 
the  Na/Mn  ratio,  which  is  0.44  before  lithium  storage,  is  decreased 
to  0.18  at  the  1st  insertion  process  and  0.074  at  the  5th  extrac¬ 
tion.  The  Na  is  released  from  the  Nao.44Mn02  during  the  lithium 
insertion/extraction.  The  structure  of  Na0.44MnO2  is  a  tunnel  struc¬ 
ture  with  channel  of  unusual  dimension  [8].  It  is  considered  that 
the  release  of  the  Na  slightly  change  the  Na0.44MnO2  structure 
although  do  not  break  the  tunnel  structure  by  Mn06  octahedra  and 
Mn05  square  pyramids.  This  stable  crystal  structure  results  in  the 
maintenance  of  the  single  crystalline  nature  even  after  the  lithium 
insertion/extraction. 

4.  Conclusions 

In  summary,  we  used  the  Na0.44MnO2  nanowires  for  the  fast 
charge-discharge  lithium  storage  devices.  It  indicates  good  perfor¬ 
mance  by  the  high  electro-conductivity  and  high  stability  of  the 
crystal  structure,  which  maintain  the  single  crystalline  nature  after 
the  lithium  insertion/extraction. 
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